Irradiation of cells of Prototheca zopfii with blue light inhibited the respiratory capacity of the cells. The inhibition of respiration was correlated with a photodestruction of cytochrome c(551), cytochrome b(559), and cytochrome a3. Cytochrome c(549), cytochrome b(555), and cytochrome b(564) were unaffected by the irradiation treatment. The a-band of reduced cytochrome a was shifted from 599 to 603 nm by irradiation, an effect similar to that observed when methanol was added to nonirradiated cells. The presence of oxygen was required during irradiation for both photoinhibition of respiration and photodestruction of the cytochromes. Cytochrome a3 was protected against photodestruction by cyanide. Photodestruction of these same cytochromes also occurred when washed mitochondria of P. zopfii were irradiated.
denitrificans (16, 26) .
The growth, division, and respiration of such eukaryotic microorganisms as the green algae Chlorella pyrenodiosa (37) and Euglena gracilis (8, 31) , the colorless algae Prototheca zopfii (14) and Astasia longa (8) , and the yeast Saccharomyces cerevisiae (10, 15, 24, 25, 34) , have also been reported to be inhibited by blue light. Various processes in cells of higher plants and animals have also been reported to be inhibited by blue or near-ultraviolet light, such as cell division (21, 42) , respiration (35, 33) and motility of sperm (41, 28, 29) .
In spite of such a large literature on the inhibitory effects of blue and near-ultraviolet radiations, there have been few definitive investigations focused on molecular mechanisms, with the 1 This work was supported by National Science Foundation Grant GB-6557X and National Institutes of Health Grant GM-33,055. 2 Present address: The Biological Laboratories, Harvard University, Cambridge, Mass. 02138.
exception of a few studies made with a limited number of bacteria. Most studies, especially those concerned with eukaryotic organisms, have been of a more qualitative nature, with little attempt made to define the photoreceptor or the mechanisms of action. The point of departure for this investigation was the previous report (14) that blue light inhibited the growth of the colorless eukaryotic alga Prototheca zopfii. It was the purpose of this study to localize the primary physiological system inhibited by light and to identify the molecular site of the photoaction. An abridged report of this work has appeared previously (11) .
MATERIAL AND METHODS Growth Conditions. The alga Prototheca zopfii Kruger, obtained as a pure culture (ACC328) from the Culture Collection at Indiana University, was grown on a defined medium (Table I) , which had been sterilized by autoclaving all nutrients together. For studies of the effects of light on protein and nucleic acid synthesis, respiration, and cell division, cultures were grown in 38-x 200-mm Kimax culture tubes containing 100 ml of medium. The tubes were fitted with cotton plugs through which bubbler tubes were passed to supply the culture with air and to keep the cells in suspension. The air was prefiltered through cotton and humidified before entering the culture medium. The cultures were grown in a constant temperature glass-walled water bath maintained at 28 i+ 0.5 C. Growing cells were irradiated by means of two banks of fluorescent lamps placed on opposite sides of the bath. Each bank consisted of four 40- In anaerobic irradiation experiments, concentrated starved cells were injected with a syringe through a silicon stopper into a 1-cm cuvette containing 5 ml of deoxygenated buffer. The diluted cell suspension was further deoxygenated by bubbling with purified nitrogen for 5 min before the cuvette was finally sealed. The cell suspension was irradiated for 1 hr with Corning filters 5433 plus 3850. Aerobic control suspensions were similarly exposed, but the cell suspensions were left open to the air.
Mitochondria were irradiated for 1 hr at 0 C without stirring in a Kimax tissue culture flask with filtered light from the AH-6 super pressure mercury lamp. The light, condensed by means of a glass lens, passed through two Pyrex windows in a water tank, 18 cm of water and the Corning 9782 glass filter before being reflected down onto a thin (1.7-mm) layer of mitochondria.
Spectroscopy. Absolute spectra were measured with a specially constructed recording single beam spectrophotometer similar to the instrument described previously by Norris and Butler (30) . Monochromatic light (0.8-mm half-band width) from a Bausch and Lomb 500-mm grating monochromator was reflected by a front surface mirror vertically down through the sample cell to a 2-inch end window phototube with an S20 response (EMI 9558C) placed immediately below the sample cell. The sample cell and Dewar for measurement of spectra at liquid nitrogen temperature have been described previously (30) . A linear base line correction system was employed to compensate partially for the system response of the spectrophotometer and the light scatter characteristics of the sample. The linear correction system was applied over the spectral range of 500 to 580 nm for the measurement of the absorption spectra of the a and ,B absorption bands of the band c-type cytochromes and over the range of 570 to 630 nm for the spectrum of the a-band of cytochrome oxidase. 7Plant Physiol. Vol. 45, 1970 Absolute spectra were measured with a light-scattering agent, A1203 (1 ,u high purity alumina abrasive, Linde Division, Union Carbide), added to the sample in order to increase the optical path length and, thereby, increase the magnitude of the absorption bands (7) . Addition of 0.5 g of Al 23 to 1 ml of cell suspension (6 mm sample depth in cuvette) gave a thick white slurry in which the absorption bands of the cells were intensified 40-to 50-fold. Freezing the sample with Al 203 to 77 K increased the light scatter further, and the absorption band intensification increased an additional 1.2-fold. The light-scattering agent was used in these experiments to permit spectral measurements on relatively dilute suspensions of cells. In the absence of the scattering agent the concentration of cells needed to give the same degree of absorption would have been such that the cells would have gone anaerobic relatively rapidly, thus making measurements in aerated cell suspensions more difficult.
In practice 0.1 ml of a concentrated suspension of starved cells was added to 0.9 ml of aerated medium in the sample cell. Substrate (10% ethanol) or inhibitors were added in 25-,ul aliquots and were allowed to incubate 30 to 60 sec before addition of 0.5 g of A1203 . Reduced cells were obtained by stirring a small amount of solid dithionite into the slurry after addition of A1203 and incubating for 2 min or by allowing the cells to respire for 5 to 15 min until the slurry became anaerobic. The samples were frozen to 77 K before mesurement. The concentrations of cells, substrates, and inhibitors used in each experiment are given in the figure legends.
Difference spectra were measured with a split beam scanning spectrophotometer constructed at the Johnson Foundation, University of Pennsylvania. The instrument employed a Bausch and Lomb 500-mm grating monochromator blazed at 300 nm and an EMI 9558C photomultiplier. The half-band width of the monochromatic light was set at 0.8 nm in the spectral region 500 to 630 nm and 1.6 nm in the spectral region 360 to 500 nm. The sample and reference cuvettes (4 mm sample thickness) and the Dewar system have been described previously (2) . A multitapped potentiometer geared to the wave length drive was used to obtain a flat base line at a senstivity of 0.1 absorbance full scale. Oxidized cells plus scatter agent, CaCO3, were frozen into both cuvettes to set the base line correction system. Difference spectra were measured in the presence of CaCO3 (J. T (Fig. 2) The reduced minus oxidized difference spectrum of P. zopfii cells at 77 K showed a cytochrome content similar to that found in higher plant tissue. Examination of the absorption spectra of these cells in the accompanying paper resolved seven cytochromes two c-type with maxima at 549 and 551 nm; three b-type with maxima at 555, 559, and 564 nm; and two a-type, a and a3 (12) .
Comparison of the difference spectrum of cells irradiated 2 hr with 2 X 105 ergs/cm2' sec of blue light (Fig. 3, curve A) with the difference spectrum of nonirradiated cells (Fig. 3, curve B) shows a large loss of absorbance in the Soret region of cytochrome oxidase and a shift in the a-band of cytochrome oxidase from 598 to 601 nm. Marked differences between the spectra of irradiated and nonirradiated cells also occurred in the a-band region of cytochrome oxidase when the spectra were measured under conditions which resolved the a and a3 components. The reduced minus oxidized difference spectra of Figure 4 Plant Physiol. Vol. 45, 1970 effect (curve B). The reduction in the presence of methanol caused the reduced cytochrome oxidase band to shift to 603 nm (curve C). When reduction by dithionite was carried out in the presence of both KCN and methanol, the a-band of cytochrome oxidase split into two bands with maxima at 595 and 603 nm (curve D). It is shown in the accompanying paper (12) that methanol shifted the a-band of cytochrome a to 603 nm (the effect shown in curve C of Fig. 4 ) and permitted dithionite to reduce the cyanide-cytochrome a3 complex to give the 595 nm band. In the absence of methanol dithionite does not reduce the complex (44) .
Similar spectra measured with irradiated cells in the presence of methanol, cyanide, and dithionite did not show splitting of the a-band (Fig. 5, curve C) . The reduced oxidase band of the irradiated cells appeared at 603 nm even without methanol (curves A and B). Apparently cytochrome a3 was destroyed by the irradiation treatment. Comparison of the spectra of the dithionitereduced samples of nonirradiated cells (Fig. 4 , curve A) and irradiated cells (Fig. 5, curve B ) also indicates that cytochrome c(551) and cytochrome b(559) were partially destroyed by the irradiation.
Confirmation that the cytochrome a3 was destroyed by light was obtained with CO-dissociation difference spectra (Fig. 6) . Nonirradiated cells showed a normal difference spectrum for the CO-cytochrome a3 complex while the difference spectrum of the irradiated cells gave essentially no indication of the complex.
The results obtained with the high intensity light from the AH-6 lamp were also found at more moderate light intensities. Cultures of cells, starved for 24 hr in the dark, were exposed to continuous irradiation from cool white fluorescent lamps of an intensity of about 3 X 104 ergs/cm2. sec. At various time intervals, aliquots were assayed spectrophotometrically with the methanol-cyanide assay to resolve the a-bands of cytochromes a and a3 . Figure 7 graphically displays the results. The heights of the a-bands for the various cytochromes were normalized against the methanolshifted a-band of cytochrome a at 603 nm to correct for differences in cell concentration in the concentrated aliquots. It should be recognized that the slopes do not give the true rate constants for the loss of individual cytochromes because the meas-400 500 600
WAVELENGTH -inm FIG. 6. Low temperature CO photodissociation difference spectra of nonirradiated cells (0) and cells irradiated 2 hr (AH-6 lamp, Corning filters 5433 + 3850, = 2.5 X 105 ergs/cm'-sec) (X). Starved cells (8.7 X 107 cells/ml) suspended in starvation medium, pH 6.9, with 0.33 g of CaCO3 per ml were reduced with dithionite and gassed with CO by blowing the humidified gas across the surface of the reduced suspension. Cells were frozen in both sample and reference cuvettes, and a base line was recorded. The reference cuvette was irradiated for 10 sec with white light from a Unitron LKR lamp to dissociate the CO-a3 complex, and the spectrum was recorded. The spectra presented in the figure were computed by subtracting the base line from the recorded spectra. ured absorbance at a given wave length is a composite of the absorbances of two or more overlapping components. If proper corrections could be made, the slopes for the losses of the individual components would be greater. As can be seen from the figure, cytochromes c(549), b(555), and b(564) were unaffected after 72 hr of continuous irradiation, while cytochromes a3 and b(559) were being destroyed. Cytochrome c(551) was also destroyed but at an apparent lower rate probably because of the large overlap from the a-bands of c(549) and b(555).
Irradiation of starved cells in the absence of oxygen had essentially no effect. The capacity to respire added substrate after the anaerobic irradiation was 93%o of the unirradiated control while the same irradiation treatment (1 hr with a filtered AH-6 lamp) under aerobic conditions inhibited the exogenous rate of respiration to 12%O of the control. The absorption spectrum (measured in the presence of methanol, cyanide, and dithionite) of the cells irradiated under anaerobic conditions (curve A, Fig. 8 ) showed no loss of cytochrome a3 nor any of the other cytochromes, while cytochrome a3 as well as b(559) and c(551) was substantially destroyed by the aerobic irradiation treatment (curve B, Fig. 8 ). Cytochrome a3 was also protected against photodestruction by the presence of cyanide (2.5 X 10-1 M). Figure 9 shows the absorption spectra of cells treated with methanol, cyanide, and dithionite after the cells had been irradiated under aerobic conditions for 45 min with blue light ( The irradiation of mitochondria isolated from actively growing cells ofP. zopfii resulted in a destruction of the same cytochromes that were photodestroyed in intact cells. Twice washed mitochondria were irradiated for 1 hr at 0 C with blue light from a filtered AH-6 lamp, and the cytochromes were spectrally assayed with the methanol-cyanide technique. Cytochrome c(549), which is soluble, was washed out of the mitochondria while cytochrome c(551) remained. A comparison of the absolute low temperature spectra of the irradiated (curve B, Fig. 10 ) and nonirradiated control mitochondria (curve A, Fig. 10 
DISCUSSION
Light was found to inhibit the respiration of both growing and starved cultures of P. zopfii. The photoinhibition of growth (as determined by cell number, or the amount of nucleic acid or of protein) may be assumed to be a consequence of the inhibition of respiration. Spectroscopic studies revealed that, of the seven cytochromes associated with the respiratory electron transport chain, three-c(551), b(559) and a3-were photolabile. Cytochromes c(549), b(555), and b(564) did not appear to be affected. The photodestruction of cytochrome a3 was ascertained by the disappearance of the reduced Soret band in reduced minus oxidized difference spectra as well as by the loss of the capacity to bind photoreversibly with CO and by the loss of the capacity to bind with cyanide to produce the 595 nm absorption band observed in the presence of cyanide, methanol, and dithionite. The spectral properties of cytochrome a were also affected by irradiation. The height of the cytochrome a a-band was not significantly changed by an irradiation sufficient to destroy cytochrome a3 , but the peak was shifted 3 to 5 nm to the red. A similar shift in the cytochrome a band was observed on addition of methanol to nonirradiated cells. This spectral shift may reflect a physical change in the environment of cytochrome a. The same changes in the pigments of the electron transport chain were found to occur whether the cells were irradiated with high intensities from a filtered super-pressure mercury lamp for short periods or with moderate light intensities from fluorescent lamps for proportionately longer periods.
Irradiation of isolated twice-washed mitochondria resulted in a qualitatively similar destruction of those cytochromes which were destroyed in intact cells, thus indicating that the photoreceptor was a bound component of the mitochondria and that soluble components were not required. The photodestruction of cytochrome c(551) was seen most clearly in the studies with the isolated mitochondria from which most of the c(549) had been removed in the isolation procedure.
Starved P. zopfii cells irradiated for up to 4 days with fluorescent light remained viable although their capacity to respire on added substrates was inhibited by more than 95%.7c The ability of these cells to recover and grow normally indicated that the capacity for growth had not been impaired and that repair was possible. 
